Introduction {#s0005}
============

Breast cancer remains the leading cause of cancer deaths in women worldwide despite earlier diagnoses and the development of targeted therapies for certain breast cancer subtypes [@bb0005]. One contributor to therapeutic resistance and tumor recurrence is the cellular and acellular heterogeneity of the breast stroma [@bb0010]. The tumor stroma, similar to the normal breast stroma, is composed of several cell types, namely endothelia, perivascular cells, adipose tissue, immune cells and fibroblasts. Upon formation of invasive carcinoma these cell compartments are believed to be activated and tuned to a more pro-tumor phenotype [@bb0015]. Fibroblasts have been shown to regulate tumor growth and dissemination in many cancers, and genetic modifications in fibroblasts were previously shown to accelerate tumorigenesis in several mouse models [@bb0020], [@bb0025], [@bb0030], [@bb0035]. Fibroblasts are cells of mesenchymal origin that alternate between quiescent, proliferative and synthetic states [@bb0040]. During wound healing and cancer-associated synthetic stages, fibroblasts synthesize several components of the extracellular matrix (ECM) [@bb0040], [@bb0045], [@bb0050]. The ECM has been shown to affect tumor growth in several malignancies, such as those of the pancreas, lung and breast [@bb0035], [@bb0055], [@bb0060], [@bb0065]. Further, ECM deposition is known to alter mechanical properties of tissue, which in turn also exacerbate tumor growth [@bb0070], [@bb0075]. Stiffness of tissue is an emerging risk factor in breast cancer [@bb0080]. While much is known about the biochemical and biomechanical roles of ECM in breast cancer progression and metastasis, the signaling factors regulating these aspects of the ECM in concert remain largely unknown.

One of the biomolecular factors that stimulate activation of quiescent fibroblasts thereby leading to ECM deposition is PDGFRα. PDGFRα is a receptor tyrosine kinase that functions during development in a paracrine fashion in response to ligand (PDGFAA) binding which, in turn, initiates receptor dimerization and recruitment of adaptor proteins [@bb0085]. This pathway is active during development, where it is critical for several processes such as craniofacial development, spermatogenesis, lung alveologenesis and villus morphogenesis among others [@bb0085]. Further, it is found to be up-regulated in expression and/or function in glioblastoma multiforme, chronic myelogenous leukemia, non-small cell lung cancer and gastro-intestinal stromal tumors [@bb0090], [@bb0095], [@bb0100], [@bb0105] and preclinical successes have been achieved by inhibiting PDGFRα in these cancers [@bb0110], [@bb0115]. While the breast stroma expresses PDGFRα [@bb0120], little has been done to elucidate its role in mammary development or tumorigenesis.

In this study, we report that constitutive activation of PDGFRα in the mammary stromal fibroblast compartment obstructed invasion and branching of the ductal epithelium during post-pubertal development, but did not interrupt the epithelial differentiation program. Furthermore, activation of PDGFRα led to interstitial fibrosis in the mammary gland with a concomitant increase in collagen deposition and collagen-1 fiber length and width. PDGFRα activated fibroblasts also expressed higher levels of *Has1,* which encodes hyaluronic acid synthase1, an enzyme that produces hyaluronic acid (HA), and mammary tissue isolated from stromal PDGFRα activated mice displayed higher HA levels. Functionally, we also found that PDGFRα activated fibroblasts significantly reduced hydraulic permeability in a novel *in vitro* assay, and that this reduction was rescued by addition of crenolanib as well as hyaluronidase, the HA-cleaving enzyme. Notably, mammary tissue stiffness measured *via* atomic force microscopy (AFM) was significantly increased upon PDGFRα hyperactivation compared to controls. Increased orthotopic tumor growth in the mammary fat pads of stromal PDGFRα activated mutant animals was also observed. Taken together, our results indicate that PDGFRα signaling regulates collagen and HA deposition from the fibroblast compartment, and thus, is a key node in the regulation of mammary stiffness.

Materials and Methods {#s0010}
=====================

Ethics Statement {#s0015}
----------------

Animal use was in compliance with federal and University Laboratory Animal Resources regulations under protocol 2007A0120-R3 (MCO) approved by the OSU Institutional Animal Care and Use Committee (IACUC).

Transgenic Mice {#s0020}
---------------

*Fsp-cre* mice were generated and confirmed to express *Fsp* specifically within the mammary stromal fibroblasts as described previously [@bb0035], [@bb0125]. *Pdgfra*^*ki/+*^ mice [@bb0130] were obtained from Jackson Laboratories (Bar Harbor, ME, USA), crossed with *Fsp-cre* mice, and bred back at least 7 generations in to FVB/N background. Mice were euthanized and harvested as outlined under university\'s IACUC protocol. Primary mouse mammary fibroblasts (MMFs) were isolated as described [@bb0135].

Whole-Mount Analysis {#s0025}
--------------------

Inguinal mammary glands were harvested as described [@bb0140]. Briefly, whole mounted mammary glands were fixed, stained with carmine alum, dehydrated and mounted. Terminal end buds were quantified by measuring the number of bulbous structures in carmine stained whole mounted mammary glands from mice taken at 3 and 4 weeks of age.

Immunofluorescence and Immunohistochemistry {#s0030}
-------------------------------------------

For immunofluorescence (IF), paraffin-embedded tissue was dewaxed, and subjected to antigen retrieval by steaming samples in Target retrieval solution (pH 6.1) (DAKO, Carpinteria, CA, USA) or EDTA Decloaker (pH 8.0) (Biocare Medical, Concord, CA, USA) for at least 40 minutes before blocking with Protein Block (DAKO). The following primary antibodies were then used: CK8 (TROMA-1, 1:400, Developmental Studies Hybridoma Bank, Iowa City, IA, USA), α-SMA (A2547, 1:400, Sigma-Aldrich, St. Loius, MO, USA), PDGFR-α (3174, 1:100, Cell Signaling, Danvers, MA, USA), Ki67 (ab16667, 1:200, Abcam, Cambridge, UK), ERα (sc543, 1:10,000, Santa Cruz Biotechnology, Dallas, TX, USA) and CD31 (PECAM1- sc1506, 1:500, Santa Cruz). For IF, Secondary detection was performed using antibodies conjugated to AlexaFluor dyes (Invitrogen, Carlsbad, CA, USA) for 1 hour at room temperature. Sections were mounted with Prolong® Gold Antifade mount with DAPI (Life Technologies, Carlsbad, CA, USA). Representative fluorescent images were taken on an Eclipse E800 microscope (Nikon Instruments Inc., Melville, NY, USA) using the MetaVue™ Research Imaging system (Molecular Devices, Sunnyvale, CA, USA).

For immunohistochemistry, sections were stained using the Bond RX autostainer (Leica Biosystems Inc., Buffalo Grove, IL, USA). Slides were baked at 65 °C for 15 minutes and the automated system performed dewaxing, rehydration, antigen retrieval, blocking, primary antibody incubation, post primary antibody incubation, detection (DAB), and counterstaining using Bond reagents (Leica). Samples were then removed from the machine, dehydrated through a series of ethanol and xylenes and mounted. All quantitative imaging was done using the VECTRA® Automated Quantitative Pathology Imaging system (PerkinElmer, Waltham, MA, USA).

Cell Culture {#s0035}
------------

Primary mouse mammary fibroblasts (MMFs) were purified as described [@bb0035], [@bb0135]. Briefly, mammary tissue was minced and digested with an enzymatic solution \[0.15% Collagenase, C0130 (Sigma, Saint Loius, MO, USA), 160 U/ml hyaluronidase (H\#4001, Sigma), insulin (\#I5500, Sigma), 1 μg/ml hydrocortisone (\#H4001, Sigma) and 1% penicillin/streptomycin (ThermoFischer Scientific, Waltham, MA, USA)\] in 5% CO~2~ overnight at 37 °C. Tissue was neutralized with 10%FBS-DMEM (ThermoFisher), centrifuged and resuspended in 10%FBS-DMEM. Gravity separation was then utilized to separate out heavier epithelial organoids from the fibroblast fraction. After 24 hours, culture media was replaced with fresh 10%FBS-DMEM. For crenolanib experiments, crenolanib (Selleckchem, Houston, TX, USA) was added to culture media at a concentration of 1 μM for 24 hours.

Tumor Models {#s0040}
------------

To study primary tumor growth, an orthotopic injection model for breast cancer was employed. Briefly, mice were anesthetized with isoflurane and injected with 200,000 Met1 cells [@bb0145] in the inguinal mammary glands. Tumors were allowed to grow until one of the mice reached early removal criteria set by our IACUC. All mice were sacrificed at this time and *ex vivo* tumor measurements were made. Tumors were collected in formalin, paraffin embedded and sectioned for further analyses.

Analyses of Mammary Fat Fibrosis {#s0045}
--------------------------------

Consecutive FFPE thin mammary gland sections were stained with H&E and trichrome and assessed by a veterinary pathologist (M.C.C.) for regions of fibrosis. Percent collagen positive area was quantified in ImageJ [@bb0150] by thresholding the color image and using "Analyze Particles" as previously described [@bb0030]. Similar color thresholds were used to quantify Alcian blue pH 2.5 and sirius red staining (Abcam) to determine percent HA+ area and collagen+ area respectively. For HABP staining, deparaffinized sections were first incubated with biotinylated HABP (EMD Millipore, Billerica, MA, USA) and detected using Alexa-Fluor-594 conjugated streptavidin (Invitrogen). Percent area was calculated in ImageJ by separating the channels, thresholding the red channel and using "Analyze".

To assess collagen fiber characteristics, 12 μm FFPE sections were stained with sirius red (Abcam) and second harmonic generation microscopy was performed using the Olympus MV10000 Multiphoton microscope and MaiTai sapphire laser at 950 nm. Backscatter signal for the tissue was obtained at 850 nm. Second harmonic images thus obtained were then used to quantify collagen width and length using CT-fire (LOCI, University of Wisconsin, Madison, WI, USA). Briefly, SHG images were processed with the CT-FIRE algorithm to extract individual collagen fiber features such as orientation, width, and length. CT-FIRE parameters were optimized for SHG collagen optimal fiber segmentation and were kept constant for all images.

Hydraulic Permeability Measurements Using Microfluidic Devices {#s0050}
--------------------------------------------------------------

Straight channel polydimethylsiloxane (PDMS) microfluidic devices (L: 5 mm, W: 500 μm, T: 1 mm) were fabricated using soft lithography techniques [@bb0155]. PDMS devices were irreversibly sealed to a glass slide with plasma oxidation and sterilized for 30 min with UV prior to use. Acidic rat tail type I collagen (CORNING) was neutralized with NaOH and prepared to 7 mg/mL following the manufacturer\'s protocol to create stock collagen solutions. Immediately after neutralization, final collagen solutions were prepared at 6 mg/mL by diluting with cell culture medium with fibroblasts (1800 cells/μL) and without fibroblasts for acellular conditions. Final collagen solutions were also incubated for 12 min at 4 °C prior to injection to improve fiber nucleation prior to polymerization [@bb0160]. In addition, microfluidic devices were coated with fibronectin (100 μg/mL) prior to injection to promote adhesion to the channel walls [@bb0165]. Collagen solutions were injected into the microdevices and polymerized at 37 °C for 10 min. Cell culture medium was then added to the device ports/surface and was replaced daily prior to measurements. For inhibition experiments, HAdase (0.5 mg/mL) as well as crenolanib (1 μM) were dissolved in cell culture medium and made fresh daily for media replacements. Hydraulic permeability measurements were then made after 72 hours by applying a height based (1.8--2.2 cm) hydrostatic pressure difference between channel ports, resulting in fluid flow through the semi-porous collagen matrix. Time lapse microscopy images were recorded every 15 seconds for a duration of 20--30 min using an epifluorescence Nikon TS-100F microscope equipped with a Q-Imaging QIClick camera. FIJI was used to track the movement of the dye and estimate the average flow velocity. Darcy\'s law was then applied to calculate the hydraulic permeability (Eq. [(1)](#fo0005){ref-type="disp-formula"}) [@bb0170].$$K = \frac{\mathit{\mu}\mathit{v}\mathrm{\Delta}L}{\mathrm{\Delta}P}$$

Where μ is the viscosity of the cell culture medium (approximated using water), v is the average fluid velocity, ∆L is the length of the channel, and ∆P is the pressure difference across the channel due to the difference in fluid height at the inlet and outlet ports and is given by Eq. [(2)](#fo0010){ref-type="disp-formula"}.$$\mathrm{\Delta}P = \mathit{\rho}\mathit{gh}$$

Where *ρ* is the density of the cell culture medium (approximated using water), *g* is the acceleration due to gravity (9.81 m/s^2^), and h is the fluidic height difference between ports.

Atomic Force Microscopy of Unfixed Mammary Tissue {#s0055}
-------------------------------------------------

Mice were euthanized and a small piece of mammary tissue (5 mm x 5 mm) was excised from the nipple end of the \#9 inguinal gland. This tissue was then attached to a coverslip using a biocompatible glue (epoxy resin) as described previously [@bb0175]. The tissue was then immediately immersed in sterile saline and atomic force microscopy performed. Briefly, stiffness measurements were performed using Asylum MFP-3D Bio AFM (Asylum Research, Goleta, CA, USA) mounted on an inverted fluorescent microscope (Nikon Eclipse TE2000-U). Samples were indented using silicon nitride cantilevers with a 10 μm polystyrene spherical tip and nominal spring constant of 0.01 N/m. Force maps at 5--10 regions of 20μmx20μm were collected and approximately 250--300 force-displacement curves were analyzed per sample for each matched pair (wild type and mutant) experiment. Force curves were analyzed using the Oliver-Pharr model to compute the tissue Young\'s modulus.

Traction Force Microscopy {#s0060}
-------------------------

Traction force microscopy was used to quantify the contractile forces generated by MMFs as described in [@bb0180]. Briefly, polyacrylamide (PA) gels with a Young\'s modulus of 5.9 kPa and embedded with 0.5 μm diameter red fluorescent carboxylate-modified beads (Invitrogen, Carlsbad, CA) were prepared on 25 mm glass coverslips. These gels were coated with bovine collagen type I using heterobifunctional crosslinker sulfo-SANPAH. MMFs were sparsely seeded on the gels and cultured for 24 hours before imaging. Inverted fluorescent microscope (Olympus IX81, Olympus Corporation, Tokyo, Japan) was used to obtain phase contrast images of the single cell boundaries as well as the fluorescent images of the underlying beads before and after the cell detachment using trypsin. The bead displacement between the images with and without cells was computed using correlation-based particle image velocimetry (MATLAB, MathWorks, Natick, MA). These displacement data along with the cell boundaries were then used to compute the individual cell tractions using finite element model in Comsol (COMSOL Multiphysics, Burlington, MA) as described previously [@bb0185].

Quantitative Real-Time PCR and Immunoblots {#s0065}
------------------------------------------

Total RNA was obtained using TRIzol (Invitrogen), treated with DNAse I (ThermoFischer), and cDNA produced using Maxima Enzyme Mix (ThermoFisher). qRT-PCR was performed using Universal Probe Library system (Roche, Applied Biosystems, Foster City, CA, USA). Sample quality was verified by comparing C~t~ values for mouse ribosomal gene *Rpl4*. The following primer set-probe combinations were used: *Col1a1,* F-5'ccgctggtcaagatggtc-3′, R-5'ctccagcctttccaggttct-3′ (Probe\#1); *Loxl1,* F-5'ctgccagtggatcgacataa-3′, R-5'acgtgcaccttgaggatgtag-3′ (Probe\#64); *Mmp3,* F-5'tgcagctctactttgttctttga-3′, R-5'agagatttgcgccaaaagtg-3′ (Probe\#7); *Has1,* F-5'caagacggagaagagagaatcc-3′, R-5'ctgagggctttggcatgt-3′ (Probe\#76); *Has2,* F-5'cacacacacaccttagctcctc-3′, R-5'acccccattgaatgtctttg-3′ (Probe\#3); *Has3,* F-5'gcactctgggtagtggtgct-3′, R-5'tcaagagagggacttaggtttca-3′ (Probe\#3); *Fap,* F-5'gctacaaagccaagtactatgcac-3′, R-5'catggagggtggaaatgg-3′ (Probe \#81); *Rpl4*, F-5'gatgagctgtatggcacttgg-3′, R-5'cttgtgcatgggcaggtta-3′ (Probe\#38).

For immunoblotting, fibroblasts were lysed on ice (Cell signaling lysis buffer 9803), and protein levels quantified (DC Protein Assay, Bio-Rad, Hercules, CA, USA). Protein lysate was resolved using SDS-PAGE, and transferred to PVDF membrane (EMD Millipore). 5% milk-1XTBST was used to block and as a diluent for both primary (PDGFRα-3174, Cell Signaling; pPLCγ1-S1248--8713, Cell Signaling; pERK-4376, Cell Signaling, ERK-4695; GAPDH-25778, Santa Cruz) and secondary antibodies (HRP-conjugated; GE Healthcare, Little Chalfont, UK). Blot was probed with ECL detection kit (ThermoFischer) and developed using X-ray film.

Statistical Methods {#s0070}
-------------------

Sample size was not pre-determined statistically. All conclusions were determined by analyzing distinct genetic groups in a blinded fashion. Within each genetic group, mice were randomly utilized. For data of sample sizes \>five, normal distribution was determined by Kolmogorov--Smirnov Goodness-of-Fit. Sample variance was determined by F-test. Statistical comparison between two groups of normally distributed data was done by homoscedastic or heteroscedastic Student\'s *t*-test as appropriate. All analyses using Student\'s *t*-test were two-tailed. For tumor data, statistical comparisons were done by Mann--Whitney. For AFM and TFM, non-parametric one way ANOVA (Kruskal--Wallis test on ranks) was run followed by pairwise comparisons using Dunn\'s method. Hydraulic permeability measurements were recorded from 5--11 separate microdevices per condition from 2--3 experiments. Data for each condition was pooled together and analyzed for statistical significance using JMP (SAS Institute). Statistical testing was performed using ANOVA with Tukey--Cramer post testing to identify statistical significance compared to control MMFs, setting *P* \< .05 as the threshold.

Results {#s0075}
=======

Loss of PTEN in Mammary Fibroblasts Up-Regulates PDGFRα {#s0080}
-------------------------------------------------------

We previously demonstrated that loss of stromal *Pten* using the fibroblast-specific *Fsp-cre* increased tumorigenesis of MMTV driven *Erbb2* mammary tumors in mice [@bb0035]. Further, it was shown that this loss of stromal PTEN led to increased ECM deposition through a microRNA-320-Ets2 dependent pathway [@bb0055]. PDGFRα is a well-known pharmaceutically targetable factor whose activation also leads to ECM deposition in several organs [@bb0085]. We thus analyzed mammary tissue sections from either *Pten*^*fl/fl*^ or *Fsp-cre;Pten*^*fl/fl*^ mice to assess stromal PDGFRα levels in these mice. We found significantly increased PDGFRα expression by immunohistochemistry in stromal PTEN-null mammary glands ([Figure 1](#f0005){ref-type="fig"}*A*). Further, mammary fibroblasts isolated from *Fsp-cre;Pten*^*fl/fl*^ mice also displayed increased PDGFRα protein ([Figure 1](#f0005){ref-type="fig"}*B*) and mRNA ([Figure 1](#f0005){ref-type="fig"}*C*) as evidenced by western blot and quantitative real time PCR (qRT-PCR), respectively. Combined, these data suggest increased stromal PDGFRα could at least in part be contributing to the increased ECM observed in the *Fsp-cre;Pten*^*fl/fl*^ mice.Figure 1PDGFRα is up-regulated upon stromal PTEN deletion and is expressed in the stroma throughout normal mouse mammary gland development. A, Representative images and quantification for PDGFRα staining on mammary gland sections from *Pten*^*fl/fl*^ and *Fsp-cre;Pten*^*fl/fl*^ mice (≥3 images per mouse, 3 mice per genotype; Scale bars -- 100 μm; Bars represent the mean ± S.E.M, \**P* \< .05). B, Western blots for PDGFRα and phospho-AKT expression in MMFs isolated from *Pten*^*fl/fl*^ and *Fsp-cre;Pten*^*fl/fl*^ mice. C, qRT-PCR for *Pten* and *Pdgfra* mRNA in MMFs derived from *Pten*^*fl/fl*^ and *Fsp-cre;Pten*^*fl/fl*^ mice (bars represent the mean ± S.E.M. relative to *Rpl4*) D, Representative images and quantification for PDGFRα staining on FFPE mammary sections harvested from virgin wild-type FVB/N mice at postnatal day 2 (PN2), 3 week, 5 week, 8 week, and 12 week of age. Glands were also harvested at pregnancy (embryonic day 18.5) and lactation (day 2) (≥5 images taken per mammary gland section, 3 mice per time point; Scale bars -- 100 μm; Bars represent the mean ± S.E.M).Figure 1

PDGFRα is Expressed in the Stroma of the Developing Mouse Mammary Gland {#s0085}
-----------------------------------------------------------------------

PDGFRα is chiefly expressed in mesenchymal cell compartments throughout murine development [@bb0085]. Specifically in the mammary gland, expression of the predominant ligand, *Pdgfa,* is seen in the developing epidermal mammary bud as early as E14.5 with expression of the receptor seen in surrounding mesenchyme at this stage of development [@bb0190]. In order to fully characterize PDGFRα expression in the postnatal developing mammary gland, we harvested tissues in virgin wild-type FVB/N mice at varying time points: perinatal (postnatal day 2), early puberty (3 weeks), mid puberty (5 weeks), late puberty (8 weeks) and post puberty (12 weeks). We also evaluated adult glands during pregnancy (embryonic day 18.5) and lactation (day 2) ([Figure 1](#f0005){ref-type="fig"}*D*). We found that PDGFRα expression was highest at 3 weeks, and gradually declined with the age of the mouse reaching its minimum during pregnancy and lactation ([Figure 1](#f0005){ref-type="fig"}*D*).

Activation of PDGFRα in Stromal Fibroblasts Abrogates Mammary Ductal Development but Does not Interrupt the Epithelial Differentiation Program {#s0090}
----------------------------------------------------------------------------------------------------------------------------------------------

The role of PDGFAA-PDGFRα signaling in mouse embryonic development has been well described [@bb0085], however the role of this signaling pathway in the developing mammary gland remains understudied. To assess the role of PDGFRα signaling in this tissue, we utilized a mouse model of fibroblast-specific PDGFRα activation. These mice were generated by crossing the fibroblast-specific *Fsp-cre* allele developed by our group [@bb0035] with the commercially available LSL-D842V-PDGFRα heterozygous knock-in mouse model, hereafter referred to as *Fsp-cre;Pdgfra*^*ki/+*^ (Supplemental Figure 1*A*). The *Pdgfra*^*ki/+*^ mice harbor a mutation in the activation loop of PDGFRα tyrosine kinase domain that was generated by knocking in the *D842V-Pdgfra* cDNA, flanked by a LOX-STOP-LOX cassette, into the endogenous *Pdgfra* locus [@bb0130]. Mice homozygous for the knock-in mutation (*Pdgfra*^*ki/ki*^) are effectively *Pdgfra*^*−/−*^ mice without a *cre*, rendering them embryonic lethal [@bb0130]. All mutant mice used in this study were heterozygous for the knock-in allele.

To confirm activation of stromal PDGFRα in the mammary glands of mutant mice, we isolated and purified mouse mammary fibroblasts (MMFs). Genomic DNA from the purified MMFs was then PCR amplified using primers to detect removal of the LOX-STOP-LOX cassette as described previously [@bb0130]. We found that MMFs from *Fsp-cre;Pdgfra*^*ki/+*^ mice had efficient deletion using these primers as evidenced by the 2 kb LOX-STOP-LOX removal band (Supplemental Figure 1*B*). Further, western blot analysis revealed activation of phospholipase C-γ (PLCγ) exclusively in the MMFs from *Fsp-cre;Pdgfra*^*ki/+*^ mice (Supplemental Figure 1*C*). This is a surrogate marker for PDGFRα activation since PLCγ docks on the intracellular kinase domain of PDGFRα where it is phosphorylated by PDGFRα [@bb0085], [@bb0130].

To evaluate the effect stromal PDGFRα activation has on mammary ductal invasion, we examined morphological differences by whole mount analysis throughout development. At postnatal day 2 (PN2), mammary glands from *Fsp-cre;Pdgfra*^*ki/+*^ mice appeared morphologically and histologically normal (Supplemental Figure 2*A*). In contrast, at 3 weeks of age, there was a near complete absence of terminal end buds (TEBs) in glands from *Fsp-cre;Pdgfra*^*ki/+*^ mice ([Figure 2](#f0010){ref-type="fig"}*A*--top). Under control conditions, the TEBs are highly proliferative, bulbous structures appearing at puberty that are responsible for moving the epithelium through the ECM, thereby causing ductal elongation [@bb0195]. Similar findings were observed at 4 weeks of age ([Figure 2](#f0010){ref-type="fig"}*A*--bottom). Importantly, even upon completion of puberty, the mammary glands from *Fsp-cre;Pdgfra*^*ki/+*^ mice never underwent normal ductal elongation through the entire fat pad ([Figure 2](#f0010){ref-type="fig"}*B*).Figure 2Stromal PDGFRα activation abrogates mammary ductal invasion but does not interrupt the differentiation program. A, (Left) Representative whole mounted, carmine stained mammary glands at 3 and 4 weeks of age from *Fsp-cre;Pdgfra*^*ki/+*^ and *Fsp-cre;Pdgfra*^*+/+*^ mice. (Right) Quantification of total number of terminal end buds (T.E.B.s) shown on the right (mean ± S.E.M, \**P* \< .05). B, Representative whole mounted, carmine stained mammary glands at 6, 9 and 12 weeks of age. C, Whole mounted, carmine stained mammary glands and hematoxylin stained sections of lactation day2 mammary glands from *Fsp-cre;Pdgfra*^*ki/+*^ and littermate controls. 3 mice per genotype per time point for A, B and C; Scale bars 400 μm).Figure 2

Given the dramatic defect in mammary ductal development, we then further assessed mammary ducts in *Fsp-cre;Pdgfra*^*ki/+*^ mice for histological alterations. Mammary glands were isolated from virgin females at 8 weeks of age and immunostained for: (1) estrogen receptor alpha (ERα), an essential regulator of hormone-induced ductal elongation [@bb0200], [@bb0205], (2) cytokeratin 8 (CK8), a luminal epithelial marker [@bb0210], and (3) alpha-smooth muscle actin (αSMA), a basal-myoepithelial marker [@bb0210]. Mammary glands from *Fsp-cre;Pdgfra*^*ki/+*^ mice had normal levels of ERα in the ductal epithelium indicating that loss of ERα was not causative in the observed ductal phenotype (Supplemental Figure 2*B*). Further, localization and expression of CK8 and αSMA were indistinguishable between mammary glands from *Fsp-cre;Pdgfra*^*ki/+*^ animals compared to controls (Supplemental Figure 2, *C* and *D*). These results further indicate that while activation of PDGFRα in the mammary stroma was capable of inhibiting ductal elongation, it did not affect the epithelial ductal architecture.

In order to test whether activation of PDGFRα in the mammary stroma affected the alveolar differentiation capacity of the mammary epithelium, adult *Fsp-cre;Pdgfra*^*ki/+*^ females were bred with wild-type males. We found that not only were *Fsp-cre;Pdgfra*^*ki/+*^ females able to get pregnant, they were also capable of lactating, albeit to a lesser degree than control littermates as the ductal tree was still severely impaired ([Figure 2](#f0010){ref-type="fig"}*C*). Litters born to *Fsp-cre;Pdgfra*^*ki/+*^ mice consistently died due to insufficient milk production by the dams (data not shown). Combined, these data indicate that while stromal PDGFRα signaling has an important role in ductal elongation, its activation does not interfere with ductal-alveolar differentiation.

Stromal PDGFRα Activation Leads to Fibrosis in the Mammary Gland, Increased Expression of *Has1* and Increased Deposition of Hyaluronic Acid Into the Mammary ECM {#s0095}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine the effect of PDGFRα activation on the stroma and ECM, we analyzed thin sections of the mammary gland from 4 week old female *Fsp-cre;Pdgfra*^*ki/+*^ mice and littermate controls (H&E in Supplemental Figure 3). Even at this early stage of mammary gland development, massive fibrosis was evident in *Fsp-cre;Pdgfra*^*ki/+*^ mice compared to controls, as revealed by quantitation of trichrome and sirius red staining of collagen ([Figure 3](#f0015){ref-type="fig"}*A*). Second harmonic generation microscopy of mammary gland sections from *Fsp-cre;Pdgfra*^*ki/+*^ stained with sirius red demonstrated an increase in collagen-1 fiber length and width ([Figure 3](#f0015){ref-type="fig"}*B*).Figure 3Stromal PDGFRα activation causes mammary fat pad fibrosis. A, Representative images and quantification of trichrome and sirius red stained *Fsp-cre;Pdgfra*^*ki/+*^ and *Fsp-cre;Pdgfra*^*+/+*^ mammary gland sections to detect collagen deposition (mean ± S.E.M., \*\**P* \< .01, \*\*\**P* \< .001). B, Second harmonic imaging of FFPE mammary gland sections from *Fsp-cre;Pdgfra*^*ki/+*^ and *Fsp-cre;Pdgfra*^*+/+*^ mice and quantification of collagen fiber length and width (mean ± S.E.M., \*\*\**P* \< .001) (3 mice per genotype, 1 mammary gland per mouse, 3 images per mammary gland; Scale bars -- 400 μm).Figure 3

To gain insight into the molecular mechanisms behind the mammary fat fibrosis observed with stromal activation of PDGFRα, we performed gene expression analysis on purified MMFs and found a dramatic up-regulation in genes responsible for production, cross-linking and remodeling of collagen I, *i.e. Col1a1, Loxl1* and *Mmp3,* respectively ([Figure 4](#f0020){ref-type="fig"}*A* and Supplementary Figure 4*A* represent two independent pairs of mice). These data are consistent with the increased collagen deposition and fiber size demonstrated in [Figure 3](#f0015){ref-type="fig"}. Further, it is well-known that HA is present in the normal mammary gland [@bb0215] and its expression is increased upon injury and fibrosis [@bb0220]. We thus determined if any of the HA-synthase-encoding genes were aberrantly expressed in MMFs with PDGFRα activation, and found that while there was a significant increase in *Has1* expression, *Has2* and *Has3* remained unaltered ([Figure 4](#f0020){ref-type="fig"}*A* and Supplementary Figure 4*A* represent two independent mice). Further, we saw a striking increase in *Fap* which is an activated fibroblast marker ([Figure 4](#f0020){ref-type="fig"}*A* and Supplementary 4A) [@bb0040]. Interestingly, inhibition of PDGFRα-D842V with the small molecule RTK inhibitor, crenolanib [@bb0110] significantly diminished *Has1* expression in the PDGFRα activated MMFs, but did not affect *Col1a1, Loxl1* and *Mmp3* ([Figure 4](#f0020){ref-type="fig"}*B* and Supplementary Figure 4*B* represent two independent mice). These data suggest that *Has1* is a direct target of PDGFRα signaling in the mammary stroma rather than as an indirect effect of fibroblast activation due to hyperactive PDGFRα.Figure 4Stromal PDGFRα activation causes increased HA deposition and decreased hydraulic permeability. A, qRT-PCR for *Col1a1, Loxl1, Mmp3, Has1, Has2, Has3* and *Fap* mRNA in MMFs derived from *Fsp-cre;Pdgfra*^*+/+*^ and *Fsp-cre;Pdgfra*^*ki/+*^ mice (bars represent the mean ± S.E.M. relative to *Rpl4*). B, qRT-PCR for *Col1a1, Loxl1, Mmp3* and *Has1* mRNA in MMFs derived from *Fsp-cre;Pdgfra*^*ki/+*^ mice treated with 1 μM crenolanib (bars represent the mean ± S.E.M. relative to *Rpl4*). Representative images and quantification for Alcian blue (C) and hyaluronic acid binding protein (HABP) staining (D) on mammary tissue (≥3 images per mouse, 3 mice per genotype; Scale bars -- 100 μm; Bars represent the mean ± S.E.M, \*\*\**P* \< .001) E, Hydraulic permeability measurements for fibroblasts isolated from *Fsp-cre;Pdgfra*^*+/+*^ and *Fsp-cre;Pdgfra*^*ki/+*^ mice and treated with crenolanib or hyaluronidase (mean ± S.E.M).Figure 4

To confirm the functional significance of increased *Has1* as a result of PDGFRα activation, we stained tissue sections from 4 week old *Fsp-cre;Pdgfra*^*ki/+*^ and controls with Alcian blue, which stains acidic proteoglycans [@bb0225]. Indeed, *Fsp-cre;Pdgfra*^*ki/+*^ mammary glands exhibit significantly increased Alcian blue-positive areas compared to control tissue establishing increased HA content in the *Fsp-cre;Pdgfra*^*ki/+*^ fat pads ([Figure 4](#f0020){ref-type="fig"}*C*). Increased HA was further evaluated by staining tissue sections with HA-binding protein (HABP), wherein we also observed increased HABP-stained areas in *Fsp-cre;Pdgfra*^*ki/+*^ mice *versus* controls ([Figure 4](#f0020){ref-type="fig"}*D*).

PDGFRα Activation Decreases Hydraulic Permeability in an *In Vitro* Assay {#s0100}
-------------------------------------------------------------------------

Hydraulic permeability, or the permissiveness to fluid flow through tissue, is determined primarily by the collagen and HA composition of the tissue ECM [@bb0230]. Decreased hydraulic permeability is characteristic of tumors with high stromal content, such as the pancreas, where it inhibits drug delivery, compresses vasculature and creates hypoxic conditions, leading to a more aggressive tumor [@bb0235]. To assess the effect of constitutive PDGFRα activation on hydraulic permeability, we utilized a single channel microfluidic assay that contains fibroblasts seeded within 3-D collagen I gels such that the only pathway for unidirectional flow is through this semi-porous matrix (Supplemental Figure 4). Fibroblasts were allowed to remodel the matrix for 3 days. Subsequently, tetramethylrhodamine-bovine serum albumin (TRITC-BSA) tracer dye dissolved in culture media was flowed through the microchannel, and time-lapse microscopy was used to track the position of the dye ([Figure 4](#f0020){ref-type="fig"}*E*). Measurements of the dye velocity revealed that MMFs from *Fsp-cre;Pdgfra*^*ki/+*^ mice significantly lowered the hydraulic permeability by 34% significantly compared to control MMFs, and 40% compared to acellular controls ([Figure 4](#f0020){ref-type="fig"}, *E* and *F*). Furthermore, the decreased permeability of the MMFs with hyperactivated PDGFRα was significantly rescued by treatment with crenolanib (73% increase) and hyaluronidase (104% increase) respectively compared to untreated mutant MMFs ([Figure 4](#f0020){ref-type="fig"}*F*). In comparison, treatment of the control MMFs with crenolanib and hyaluronidase resulted in a small decrease (12%) and rescue (63%) in hydraulic permeability respectively compared to untreated control MMFs. These results suggest that the decreased permeability measured in hyperactivated PDGFRα MMFs was directly due to PDGFRα activation and subsequent HA deposition to the ECM respectively. While there was also a rescue of the hydraulic permeability of the control fibroblasts treated with hyaluronidase, this result may be attributed to efficient enzymatic ablation by hyaluronidase to the comparatively lower quantities of HA produced by the control fibroblasts ([Figure 4](#f0020){ref-type="fig"}, *A*, *C* and *D*).

*Fsp-cre;Pdgfra*^*ki/+*^ Mice Display Significantly Increased Mammary Stiffness {#s0105}
-------------------------------------------------------------------------------

We hypothesized that the interstitial fibrosis with increased collagen and HA deposition in combination with the reduced hydraulic permeability seen in our model was altering the stiffness of the mammary gland from *Fsp-cre;Pdgfra*^*ki/+*^ mice. To address this, mice were harvested at 4 weeks of age and the inguinal mammary gland at the nipple end was dissected. This unfixed tissue was then subjected to atomic force microscopy to measure tissue stiffness. As early as 4 weeks of age, mammary glands from *Fsp-cre;Pdgfra*^*ki/+*^ mice were significantly stiffer than control ([Figure 5](#f0025){ref-type="fig"}, *A* and *B*and Supplemental Figure 5 represent three independent pairs of mice). Furthermore, traction force microscopy, which measures the force exerted by fibroblasts on the ECM, indicates that MMFs from stromal PDGFRα activated mice have an increased traction force per cell compared to controls and also exhibit an increased cell spread area ([Figure 5](#f0025){ref-type="fig"}, *C* and *D*). Increased traction force leads to a more compact ECM, consistent with the *ex vivo* increase in mammary tissue stiffness.Figure 5Stromal PDGFRα activation increases mammary tissue stiffness. A, Atomic force measurements of unfixed whole mammary tissue (Young\'s modulus of elasticity) from *Fsp-cre;Pdgfra*^*+/+*^ and *Fsp-cre;Pdgfra*^*ki/+*^ mice (\**P* \< .05). B, Histogram showing distribution of Young\'s modulus for individual data points for experiment shown in A. C, Quantification of force per cell and cell area as determined by traction force microscopy (\**P* \< .05). D, Representative heat map showing force distribution in one cell from each genotype.Figure 5

Stromal PDGFRα Activation Accelerates Orthotopic Tumor Growth {#s0110}
-------------------------------------------------------------

Knowing that increased mammary stiffness can lead to increased tumor growth and metastatic spread [@bb0240], [@bb0245], [@bb0250], [@bb0255], we further evaluated orthotopic tumor growth in *Fsp-cre;Pdgfra*^*ki/+*^mice. MMTV-PyMT derived Met1 mammary tumor cells [@bb0145], which express high levels of the PDGFRα ligand, *Pdgfa* (data not shown), were injected into the fat pads of *Fsp-cre;Pdgfra*^*ki/+*^ and control females. Importantly, tumors in *Fsp-cre;Pdgfra*^*ki/+*^ mice grew significantly larger compared to controls ([Figure 6](#f0030){ref-type="fig"}*A*). Further, the tumors in the *Fsp-cre;Pdgfra*^*ki/+*^ mice were more proliferative than controls as indicated by Ki67 staining ([Figure 6](#f0030){ref-type="fig"}*B*). They also displayed increased angiogenesis as measured by increased CD31+ vessel size ([Figure 6](#f0030){ref-type="fig"}*C*). Importantly, tumors from *Fsp-cre;Pdgfra*^*ki/+*^ had significantly greater HA deposition (HABP staining) ([Figure 6](#f0030){ref-type="fig"}*D*). These findings parallel our observations in the virgin, non-tumor bearing *Fsp-cre;Pdgfra*^*ki/+*^ mammary glands, and suggest that PDGFRα activated fibroblasts produce greater amounts of HA that result in a pro-tumorigenic stromal microenvironment.Figure 6Stromal PDGFRα activation increases growth of Met1 cells in the mammary fat pad. A, Representative images and tumor volume quantification of Met1 mammary tumors arising in orthotopically injected *Fsp-cre;Pdgfra*^*ki/+*^ and littermate controls (Scale bar -- 5 mm). Representative images and quantification of B. percent KI67 positive nuclei, C, CD31 mean vessel size, and D, HABP signal intensity within Met1 tumor sections from *Fsp-cre;Pdgfra*^*ki/+*^ mice and controls (Control = 10 tumors, *Fsp-cre;Pdgfra*^*ki/+*^ = 8 tumors; ≥5 images per tumor; Scale bars -- 100 μm).Figure 6

Discussion {#s0115}
==========

Our work demonstrates that hyperactivation of stromal PDGFRα impedes mammary ductal development without interfering with pregnancy induced lobulo-alveologenesis. Postnatal mammary gland development requires a constant flux in ECM remodeling and composition [@bb0260], [@bb0265], [@bb0270]. ECM turnover itself is dictated by the action of several enzymes such as lysyl oxidases and matrix metalloproteases acting in concert [@bb0275], [@bb0280], [@bb0285] with cell-matrix interactions considered crucial for proper mammary gland development [@bb0280]. It has also been posited that ECM-mediated mechanical forces guide ductal morphogenesis in the mammary gland [@bb0270]. Thus, a viable mechanism to explain loss of mammary ductal invasion in the *Fsp-cre;Pdgfra*^*ki/+*^ mice might be the mechanical barrier imposed by increased mammary gland stiffness and decreased hydraulic permeability that result from stromal PDGFRα hyperactivation. While evidence of ligand expression in the epithelium during murine pregnancy is lacking, a previous study of rhesus macaques revealed that *PDGFRA* gene expression reached a nadir during pregnancy and lactation [@bb0290]. Taken together with our observation of the maintenance of lobulo-alveologenesis in lactating *Fsp-cre;Pdgfra*^*ki/+*^ mice, this suggests that lobulo-alveolar differentiation occurs independently of PDGFRα-PDGFA paracrine signaling pathway.

Fibrosis is observed in various organ systems such as respiratory, renal and cardiovascular [@bb0295], [@bb0300], [@bb0305]. Furthermore, fibrosis, also termed desmoplastic reaction (*i.e.* the incorrect activation of the wound healing response), is characteristic of several solid tumors including pancreas and breast [@bb0040]. Our finding that PDGFRα activation in mammary fibroblasts induces such desmoplasia in absence of an oncogenic hit provides evidence that quiescent mammary fibroblasts expressing constitutive PDGFRα have the capacity to become fibrosis-associated fibroblasts, whose phenotype more closely resembles cancer-associated fibroblasts (CAFs) [@bb0040], [@bb0310]. Gene expression profiling of MMFs isolated from the *Fsp-cre;Pdgfra*^*ki/+*^ mice revealed that CAF-associated collagen remodeling genes such as *Mmp3* [@bb0315] and *Loxl1* [@bb0055], [@bb0320] are significantly up-regulated, suggesting a priming of the tumor microenvironment for oncogenesis. While spontaneous tumors do not arise in these mice, the increased growth of the Met1 tumor cells in the fat pads of *Fsp-cre;Pdgfra*^*ki/+*^ provides evidence for a tumor-promoting microenvironment. Furthermore, our data with PDGFR-inhibition and the dramatic up-regulation of the activated fibroblast marker *Fap* in MMFs from *Fsp-cre;Pdgfra*^*ki/+*^ mice support that *Has1* is a direct target of PDGFRα signaling while the up-regulation of aforementioned collagen remodeling genes (*Col1a1*, *Loxl1*, *Mmp3*) is likely an indirect result of sustained fibroblast activation.

In the past decade, the view of fibroblasts and the ECM, particularly a fibrotic ECM, has turned from being a bystander of tumor growth, to both a biochemical promoter and a biomechanical partner of tumorigenesis. Several comprehensive studies have shown that ECM deposition and subsequent alterations in the mechanical properties of cells and tissues can alter tumor cell behavior, leading to more proliferative and invasive tumors [@bb0060], [@bb0245], [@bb0250], [@bb0255], [@bb0325]. Further, total stress (force/area) in tissue is a result of both solid and fluid stress [@bb0235]. Here, we not only demonstrate that the stiffness of the mammary tissue, a contributor to externally applied solid stress, is increased in mammary glands from *Fsp-cre;Pdgfra*^*ki/+*^ mice, but also our data with HA deposition and hydraulic permeability imply an increase in fluid stress *via* increased interstitial fluid pressure (IFP). Our study suggests that this increase in total stress of the tissue is likely causing the increased tumor growth observed. The main question that remains is whether this increased tumor growth is a direct result of the biophysical changes in the tissue, a result of the biochemical changes in the hyperactivated-PDGFR fibroblast secretome, or perhaps some combination of both. Future experiments, beyond the scope for this current work, will be required to examine this question.

In conclusion, our data proposes a novel biochemical-biomechanical role for activated fibroblasts in both the normal development of the mammary gland as well as tumorigenesis within this tissue. PDGFRα activation invoked mammary fat pad fibrosis and decreased hydraulic permeability, which likely led to a dramatic increase in mammary stiffness and a pro-tumorigenic stromal microenvironment. These findings have translational relevance in that PDGFRα is a promising therapeutic target in the mammary stroma, and drugs targeting this receptor (*e.g.*, crenolanib) are already FDA approved. Combined, these data provide evidence of the first genetic *in vivo* model of increased stiffness that can be utilized to study the mechanical effects on tumor growth.
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